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ABSTRACT 
Exotic quantum phenomena have been demonstrated in recently discovered 
intrinsic magnetic topological insulator MnBi2Te4. At its two-dimensional limit, quantum 
anomalous Hall (QAH) effect and axion insulator state are observed in odd and even 
layers of MnBi2Te4, respectively. The measured band structures exhibit intriguing and 
complex properties. Here we employ low-temperature scanning tunneling microscopy 
to study its surface states and magnetic response. The quasiparticle interference 
patterns indicate that the electronic structures on the topmost layer of MnBi2Te4 is 
different from that of the expected out-of-plane A-type antiferromagnetic phase. The 
topological surface states may be embedded in deeper layers beneath the topmost 
surface. Such novel electronic structure presumably related to the modification of 
crystalline structure during sample cleaving and re-orientation of magnetic moment of 
Mn atoms near the surface. Mn dopants substituted at the Bi site on the second atomic 
layer are observed. The ratio of Mn/Bi substitutions is 5%. The electronic structures 
are fluctuating at atomic scale on the surface, which can affect the magnetism of 
MnBi2Te4. Our findings shed new lights on the magnetic property of MnBi2Te4 and thus 
the design of magnetic topological insulators. 
INTRODUCTION 
Introducing magnetism to a time-reversal-invariant topological insulator may generate 
exotic quantum phenomena(1-15), such as the quantum anomalous Hall (QAH) effect and 
axion insulator state. The QAH effect has been realized in dilute magnetic topological insulator 
Cr and V-doped (Bi, Sb)2Te3(5-10). The magnetic doping, which affects the local magnetism 
and chemical potential(16), might give rise to the low observing temperature of the quantization. 
An intrinsic magnetic topological insulator without magnetic dopants is ideal to realize QAH 
effect at higher temperature. MnBi2Te4, a layered stoichiometric material, which can be viewed 
as intergrowth of rock-salt structure MnTe within the quintuple layer of topological insulator 
Bi2Te3 (Fig. 1A), is a material of such kind(17-19). Quantized Hall resistances have been 
recently observed in MnBi2Te4 at two-dimensional (2D) limit(20-22). However, several 
properties of this newly discovered material are still unclear, which are important to further 
improve the performance of the material. Its band structure measured by angle-resolved photon 
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emission spectroscopy (ARPES) shows deviations from the calculated results(17-19, 23-28). 
For example, the observations of magnetism-induced gap opening at the Dirac point are either 
too large or too small (absent)(17-19, 23-28) and the assignment of the topological surface 
states are still controversial(26-28). Here we employ scanning tunneling microscopy (STM) to 
systematically study the electronic structure of MnBi2Te4 in both real and momentum spaces, 
and the complementary information helps us to have a better understanding of the material. 
RESULTS 
Fig. 1B shows a typical STM topographic image of MnBi2Te4. The observed hexagonal 
lattice structure here corresponds to the Te-terminated (111) surface. The schematic lattice 
structure of MnBi2Te4 is shown in Fig. 1A. Considerable defects are revealed in Fig. 1B. The 
defects can be grouped into two primary types, bright dots and dark triangles. The bright dots 
could be adatoms formed during sample cleavage process. The dominant defects are the dark 
triangles, similar to that in Cr doped (Bi, Sb)2Te3(29). They probably are Mn-on-Bi antisite 
defects (MnBi) in the second atomic layer, denoted by the red arrow in Fig. 1A. The ratio of 
Mn/Bi substitutions is 5%. The scanning tunneling spectroscopy (STS) detects the differential 
tunneling conductance dI/dV (inset of Fig. 1B), which provides a measure of the local density 
of states (DOS) of quasiparticles. The DOS over the energy range of -0.5 eV to the Fermi level 
(EF) are quite low. Since obvious DOS minimum of the STS is hardly to be defined, location 
of the original Dirac point as well as the expected magnetism-induced gap opening at the Dirac 
point is undetermined in our results. 
To investigate the electronic structures, we perform dI/dV maps from the same area at 
various bias voltages ranging from -100 meV to 400 meV (Fig. 2A1-F1). Fig. 2A2-F2 show 
the corresponding fast Fourier transformation (FFT) results of the dI/dV maps, in which the 
scattering wave vectors qQPI in momentum space are extracted. The FFT shows spot features 
with six-fold symmetry along the G-M direction of the surface Brillouin zone. In contrast to 
the bright and sharp FFT spots obtained from the surface states of Bi2Te3(30), the spot features 
here are quite broad and faint. In Bi2Te3, the QPI are mainly contributed by surface states(30), 
which are non-dispersive along the kz-direction, leading to much clearer and sharper FFT spots. 
Since the time-reversal symmetry is broken in out-of-plane A-type antiferromagnetic 
MnBi2Te4, the calculated constant-energy contour (CEC) of the surface states shows three-fold 
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symmetry(19) (see the blue shape in Fig. 2G). Then the dominant scattering wave vector qs 
should be the one connecting the parallel segments of the CEC (see the double-headed red 
arrows). However, such a qs expected from the scattering of surface states is oriented along the 
G-K direction, which is inconsistent with the observed QPI results (where the qQPI is along the 
G-M direction). 
A possible explanation for the above observations is as follows: 1. The bulk band 
scattering process mainly contributes to QPI patterns, giving rise to the broad and faint FFT 
spots. 2. The wave function of surface states is actually embedded in the deeper atomic layers 
of the sample and cannot be detected by surface-sensitive STM. The origin for the embedded 
surface states might be related to the modification of crystalline structure on the topmost layer 
during the sample cleaving process. The detected signal of STM exponentially decays with the 
increasing distance between the sample and the tip, therefore, the embedded surface states, 
which is fewer angstroms beneath the topmost layer, is missed by STM. No terrace-edge 
induced standing wave is observed by STM (Fig. 2I1, 2I2), which further support our 
speculation of the embedded surface states. Such a picture is also compatible with ARPES 
results. The Dirac surface bands are only visible in ARPES data taken with low photon energy 
(7 eV), by which the electronic structures of deeper layers are detected(26, 27). Note that the 
samples measured in ref. 27 and in our STM study are from the same batch. Another possibility 
to obtain faint FFT spots is that the electron scattering process occurs in a strongly correlated 
system, which is not the case in MnBi2Te4. 
Therefore, to understand the origin of the FFT results, we further include the contribution 
of the bulk states together with surface states of the out-of-plane A-type antiferromagnetic 
MnBi2Te4. The corresponding calculated CECs (including both bulk and surface bands) of out-
of-plane A-type antiferromagnetic phase (or AFM-z) are shown in the insets of Fig. 3B-D. 
However, the simulation results of self-auto-correlation of these CECs (Fig. 3B-D) patterns are 
inconsistent with experimental results (Fig. 2A2-F2). In order to make a clearer comparison, 
the scattering wave vectors obtained from the experimental results in Fig. 2H are added to the 
simulated results here as red arrows. The features at qQPI are obviously not the dominant ones 
in Fig. 3B-D. Since STM detects the topmost layer of the material, we conclude that the 
electronic structures on the topmost layer of MnBi2Te4 are different from that of the expected 
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out-of-plane A-type antiferromagnetic phase MnBi2Te4. 
The deviation of the electronic structures here might originate from the re-orientation of 
magnetic moment of Mn atoms on the topmost layer. The translational symmetry along the z 
direction is broken on the cleaved surface. It is natural to imagine that both the magnetic 
coupling strength and the orientation of the magnetic moments of Mn atoms are changed as 
they are closer to the surface. In addition, the cleaving process may also modify the magnetism 
as well as the crystalline structure of the surface. Such surface magnetism variation has already 
been found in CrI3, whose bulk magnetism resembles to that of MnBi2Te4(31). The widely 
distributed MnBi dopants (defects) may also change the magnetism of MnBi2Te4. The variation 
of the surface magnetism is also proposed based on ARPES observations of gapless Dirac cone 
structure on MnBi2Te4(26-28), in which in-plane or disordered magnetic moments might appear 
on the surface. 
We next try to check the possible magnetic structure of the top layers of MnBi2Te4. Fig. 
3E, I show the schematics of another two possible magnetic structures, the in-plane A-type 
antiferromagnetism (AFM-x) and out-of-plane ferromagnetism (FM-z), respectively, in which 
the bulk and surface band structures are significantly different from that of the expected out-
of-plane A-type antiferromagnetic MnBi2Te4, therefore might give rise to the observed FFT 
results. However, as shown in Fig. 3F-H and Fig. 3J-L, neither of their corresponding self-auto-
correlation are consistent with the observed FFT results. Therefore, none of the above three 
magnetic structures is coincident with the QPI results. The magnetism of the surface of 
MnBi2Te4 still needs further investigation. 
Fig. 2H summarizes the response of QPI wave vectors to magnetic fields and temperatures. 
Previous studies demonstrate that the antiferromagnetic transition temperature of MnBi2Te4 is 
~ 25 K(23, 24, 32-35), and the magnetic order is aligned under magnetic field at 7.7 T(23, 24). 
Since the STM detects the top layers with re-oriented magnetic moments and its bulk states are 
dominant in the tunneling spectra, the QPI patterns are not changed neither under the magnetic 
field up to 12 T nor at the elevated temperature to 30 K (Fig. 2H). The observed Dirac point 
from ARPES(26, 27) are located at ED = -270 meV below EF. However, around ED, the STM 
QPI patterns are rather weak and the scattering wave vectors cannot be extracted from their 
FFT results. Therefore, no changes have been observed at 9 T in the QPI patterns around ED. 
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We further examine the response of dI/dV spectra to magnetic field. Magnetic fields show 
almost no observable effects on the large-bias-range dI/dV spectra in Fig. 4A, which presents 
contrast to the emergence of Landau levels established on the surface states of topological 
insulators(36, 37), but is consistent with our picture that the topmost layer actually only 
contribute bulk band states. On the other hand, the small-bias-range spectra show that DOS 
near EF are fluctuating under magnetic fields (Fig. 4B, C). But no systematic evolution, such as 
gap opening or Zeeman splitting, is observed. The tunneling spectra show a dip feature at EF, 
and its origin is still unclear. 
Based on our STM observation, we would like to discuss the surface structure of MnBi2Te4. 
Generally, after sample cleavage, the new surface of bulk MnBi2Te4 is divided into two parts 
(layers) according to the depth from the topmost layer (see schematic in Fig. 4D): (i) the top 
layer with the thickness of few nanometers, which hosts an embedded Dirac cone structure due 
to the unclear magnetic order(26, 27, 38); (ii) the deep layer with the predicted out-of-plane 
antiferromagnetic order(18, 19). Depending on the detection depths of different techniques, the 
top layer is detectable to surface sensitive techniques, such as STM and ARPES, while the deep 
intrinsic layer is detectable to bulk sensitive techniques such as transport measurements. 
Besides the layer separation of the sample, the existence of MnBi defects is another key 
factor to affect the ARPES and transport results. Since they are randomly distributed in the 
sample and their crucial role to the magnetism, we turn to discuss the dopant effect on electronic 
structures on two different spatial scales. Fig. 5A shows three kinds of averaged tunneling 
spectra taken on two types of defects and defect-free regions respectively, over an area of 25 
nm × 25 nm. The peak positions of those averaged spectra (denoted by black arrows) are almost 
identical, although the intensities of the peaks are slightly different. Limited by the spot size of 
light, ARPES experiment obtains the spatial averaged signals, therefore the identical peak 
position here is consistent with the sharp band structure observed by ARPES. However, at 
atomic scale, Fig. 5B shows the spectra taken along the white dotted line in the inset of Fig. 5A, 
in which the electronic structure exhibits large fluctuating near EF (see the red arrows and the 
red parts of the spectra). The fluctuating DOS might affect the local magnetism and chemical 
potential, both of which are crucial for the realization of QAH effect. 
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DISSCUSSION 
Our findings shed important lights on better design of magnetic topological insulators. To 
dilute the magnetic dopant, one efficient way is to add buffer layers between MnBi2Te4, which 
has been recently realized in MnBi4Te7(39-41). Another inspiration is the possibility to fine 
tune magnetic order in related materials. According to the complex layered structures observed 
in MnBi2Te4, magnetic interactions are more complicated than expected, which also provides 
an excellent opportunity to obtain intrinsic ferromagnetic topological insulator. 
METHODS 
Sample preparation. To grow MnBi2Te4 crystals, Bi2Te3 and MnTe are prepared as precursors 
by reacting stoichiometric high-purity Bi (99.99%, Adamas) and Te (99.999%, Aladdin), and 
Mn (99.95%, Alfa Aesar) and Te (99.999%, Aladdin), respectively. The synthesis of MnBi2Te4 
was carried out in a vacuum sealed silica ampoule at 864 K by long-term annealing over one 
month. This process successfully affords mm-sized shiny crystalline MnBi2Te4 which were 
examined with powder X-Ray diffraction using Cu Kα radiation. 
STM characterization. Our STM experiments were carried out on an ultra-high vacuum (UHV) 
commercial STM system (Unisoku) which can reach a temperature of 400 mK by using a 
single-shot 3He cryostat. The base pressure for experiment is 1.0 × 10-10 Torr. MnBi2Te4 samples 
were cleaved in-situ at 78 K and then transferred into STM. The bias voltage was applied on 
samples. The STSs data were obtained by a standard lock-in method that applied an additional 
small AC voltage with a frequency of 973.0 Hz. The dI/dV spectra were collected by disrupting 
the feedback loop and sweeping the DC bias voltage. 
First-principles calculation. First-principles calculations were performed by the Vienna ab 
initio Simulation Package(42) in the framework of density functional theory. The energy cutoff 
of plane-wave basis was fixed at 350 eV. The electron-ion interactions were modelled by the 
projector augmented wave potential, and the Perdew-Burke-Ernzerhof type generalized 
gradient approximation (GGA)(43) was used to approximate the exchange-correlation 
functional. The GGA + U method was adopted to describe the localized Mn 3d-orbitals, and U 
= 4 eV was selected according to our previous tests(18). The structural relaxation, including 
lattice constants and atomic positions inside the lattice, was performed with a force criterion of 
0.01 eV/Å. The DFT-D3 method(44) was adopted, given van der Waals interactions between 
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septuple layers. The Monkhorst-Pack k-point mesh of 9×9×3 was adopted and spin orbit 
coupling was included in self-consistent calculations. Surface state calculations were performed 
using WannierTools package(45), based on the tight-binding Hamiltonians constructed from 
maximally localized Wannier functions (MLWF). 
QPI simulation. The QPI patterns at different energies are simulated by the following 
scattering possibility formula: 
P q, 𝐸 = dk A(k + q, E)A(k, E) 
where A(k, E) is the spectral function, or the constant energy contours (CECs). The 
formula above is equivalent to self-auto-correlation method applied on the CECs in k space. 
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FIGURES AND CAPTIONS 
 
Fig. 1. Lattice and electronic structures of MnBi2Te4. (A) Lattice structure of 
MnBi2Te4. A MnBi antisite defect is demonstrated in the second atomic layer. (B) 
Atomically resolved topographic image (30 nm × 30 nm, bias voltage Vs = -1.2 V, 
tunneling current It = 100 pA) of MnBi2Te4. It shows hexagonal lattice with lattice 
constant of a = 4.33 Å. Two types of defects, bright dots and dark triangles, are revealed 
on the Te-terminated (111) surface and they probably correspond to adatoms and MnBi, 
respectively. Inset: dI/dV spectrum obtained by averaging 2601 spectra taken in a 25 
nm × 25 nm area (set point: Vs = 500 mV, It = 400 pA). 
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Fig. 2. Quasiparticle interference (QPI) results on MnBi2Te4. (A1-F1) The real 
space dI/dV maps taken at various bias voltages (45 nm × 45 nm, set point: Vs = 800 
mV, It = 800 pA). (A2-F2) Fast Fourier transformation of the real space dI/dV maps. 
The red arrows denote the extracted scattering wave vectors qQPI. (G) Schematic of 
three-fold symmetric surface state (blue line) in MnBi2Te4 with z-direction A-type 
antiferromagnetic order. The double-headed red arrows denote the dominant 
quasiparticle scattering wave vector related with surface states (along G-K direction). 
(H) Energy dispersions of the scattering wave vectors qQPI at elevated temperature and 
12 T magnetic field. The error bar denotes the radius of the spot patterns in the 
corresponding FFT images. No significant difference is observed between the scattering 
wave vectors obtained from different experimental conditions. The black line is the 
linear fit to the data taken at 0.4 K, 0 T. (I1, I2) dI/dV maps taken on upper and lower 
terraces, respectively (30 nm × 30 nm, set point: Vs = 800 mV, It = 800 pA). Standing 
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wave is absent near the terrace edges. Insets: The corresponding topographic images of 
the terraces. The red squares denote the mapping regions. 
 
 
 
Fig. 3. Simulated QPI patterns by CECs of MnBi2Te4 with different 
magnetisms. (A) Schematic of out-of-plane A-type AFM order (AFM-z) in MnBi2Te4. 
(B-D) The simulated interference patterns with out-of-plane A-type AFM order at ED + 
0.4 eV, 0.5 eV and 0.6 eV, respectively. Here, ED denotes the Dirac point energy and 
we take ED = -0.27 eV. The red arrows denote the scattering vectors qQPI obtained from 
the fitting result in Fig. 2H. Insets: The total CECs obtained from DFT calculations at 
different energies. (E) Schematic of in-plane A-type AFM order (AFM-x) in MnBi2Te4. 
(F-H) The simulated interference patterns with in-plane A-type AFM order. (I) 
Schematic of out-of-plane ferromagnetic order (FM-z) in MnBi2Te4. (J-L) The 
simulated interference patterns with FM order. 
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Fig. 4. Magnetic response in the dI/dV spectra. (A) Large-range dI/dV spectra taken 
at a specific defect-free location with applying various magnetic fields (set point: Vs = 
200 mV, It = 200 pA). Each spectrum is shifted for clarity. (B and C) Small-range dI/dV 
spectra taken at defect-free locations with applying various magnetic fields (set point: 
Vs = 100 mV, It = 200 pA). Some fluctuating features are presented near EF but with no 
systematic evolution to magnetic fields. (D) A possible layered structure that account 
for the experimental observations in STM, ARPES and transport measurements. The 
top layer with green color hosts an embedded Dirac type surface state; And the bottom 
red bulk layer is the predicted out-of-plane antiferromagnetic bulk. 
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Fig. 5. Locally fluctuating features in dI/dV spectra. (A) Averaged dI/dV spectra 
taken on the bright defects, dark triangles and defect-free regions (set point: Vs = 100 
mV, It = 400 pA). Insets: The corresponding positions in which the dI/dV spectra are 
taken to calculate of the averaged spectra. The red, orange and green shadowed regions 
correspond to the bright defects, dark triangles and defect-free regions, respectively. (B) 
A series of dI/dV spectra (set point, Vs = 100 mV, It = 400 pA) taken along the white 
dotted line in the inset of (A). The DOS show fluctuating features near EF. 
 
